Potassium niobate is employed in an external resonator to generate single-frequency tunable radiation near 430 nm. For excitation with 1.35 W of power from a cw titanium-sapphire laser, 0.65 W of blue light is produced. A simple model has been developed to account for thermal lensing in the nonlinear crystal.
Owing to the large second-order susceptibility of potassium niobate (KNbO 3 ), nonlinear mixing in KNbO 3 has been found to be an attractive source of blue light.'- 7 For example, a cw power of 40 mW at 429 nm has been achieved by frequency doubling of a semiconductor diode laser, 6 while 150 mW of power at 467 nm has been generated by nonlinear mixing of diode and Nd:YAG lasers in KNbO 3 . 7 Although much of the research in this area has employed external buildup cavities to enhance the conversion efficiency, the absolute blue power has been limited by the available pump power. In this regard, the titanium-sapphire (Ti:A1 2 0 3 ) laser is a suitable source since single-frequency output power in excess of 2 W is readily achieved. Indeed, the Ti:A1 2 0 3 laser has recently been used for external-cavity doubling with LiIO 3 to produce 40 mW of broadly tunable blue output light for 600 mW of infrared input. 8 For doubling schemes with KNbO 3 within the Ti:A1 2 0 3 laser cavity, 100-150 mW of blue light power-near 430 nm has been obtained in unpublished experiments in our laboratory and elsewhere. 3 Motivated by these developments as well as by a variety of possible applications in optical physics, we have undertaken an investigation of frequency doubling with KNbO 3 in an external buildup cavity driven by the light from a cw Ti:A1 2 0 3 laser. We have made measurements of conversion efficiency over a range of operating conditions and have compared these results in absolute terms with those of a simple theoretical model. In a cw mode of operation, 0.65 W of blue light near 430 nm has been generated for 1.35 W of fundamental input. Because thermal lensing significantly affects the conversion efficiency and cavity servo performance at these power levels, we have also employed a transient mode of operation with the cavity length swept through resonance to obtain peak power of 1.0 W of blue light for 2.0 W of infrared excitation.
For our experiment, a single-frequency Ti:A1 2 0 3 laser capable of producing as much as 2 W of output near 840-870 nm and with a linewidth of 50 kHz rms was mode matched into a ring doubling cavity resonant with the fundamental input (Fig. 1) for low loss at both 860 and 430 nm. In spite of the quality of coatings (0.15%o/surface), passive losses from the lenses reduced the cavity buildup relative to astigmatically compensated cavities with curved mirrors. However, the setup shown in Fig. 1 facili- tates the exploration of a range of focusing geometries, which is of special importance since it allows fine tuning of the cavity mode to compensate for effects of thermal lensing at high power.
As for the theoretical expectation for the harmonic output, we recall the treatment by Ashkin et al. ' " for second-harmonic generation in an external resonator. If we denote the overall conversion efficiency by e -P 2 /P1, with Pi the fundamental input power and P 2 the harmonic output power, then a simple calculation yields
where ENL is the single-pass nonlinear conversion efficiency in the absence of the resonator (ENL = P2/ Pi 2 for T, = 1), T, is the transmission coefficient of the input coupler, and L describes all linear losses in the cavity exclusive of T, (L and T, both refer to the fundamental field; the harmonic field is not resonant in the cavity). Equation (1) leads to an optimum value T, 0 for maximum efficiency e 0 ,
It is straightforward to show that T, 0 corresponds to an impedance-matched cavity" with zero reflection for the fundamental field. For our experiments all relevant parameters of the external doubling cavity C2 were directly measured. ENL was measured by replacing the input coupler of the mode-matched cavity with a transparent window, with the result that ENL = 0.005 W-1. Note that for optimum focusing external to the cavity and free from its constraints, we found that ENL = 0.016 W 1, which is 30% lower than the best value that has been reported. Linear losses L = (4.0 ± 0.5)% were calculated directly from the finesse of the cavity observed with the input coupler replaced by a high reflector. For these parameters, Tio then ranged from 4% to 10% depending on the input power. From the measured values for ENL and L and with T, = T1 0 , the theoretical result for the optimum harmonic output P 2 = e 0 P, is shown in Fig. 2 as a function of P 1 . Also plotted in the figure are our experimental results for P 2 versus Pi obtained for cw operation as well as for a swept mode of operation. For cw operation, the external cavity was locked to an incident fundamental resonance with a FM sideband technique.' 2 In the swept mode, the cavity length was scanned so that the dwell time on resonance was sufficiently fast (-1 ms) to avoid thermal effects in the crystal. In either cw or swept mode, the temperature of the KNbO 3 crystal and the spacing d between the lenses and the crystal (Fig. 1) were slowly varied to maximize the harmonic output power P 2 . Each experimental point is likewise taken for Ti close to the optimum T, 0 for the particular P,. From Fig. 2 we see that up to an input power Pi = 1.0 W and second-harmonic output power P 2 = 0.5 W the experimental results for cw operation agree reasonably well with theory. However, for higher powers, there is significantly less cw blue power than the simple theory predicts. To investigate this point further, we also show results obtained for a swept regime of operation in which thermal effects are greatly diminished and in which the agreement between experiment and the theory of Eq. (1) is quite satisfactory. The maximum peak power of blue that we have obtained in the swept regime is P 2 = 1 W at 430 nm for P, = 2 W at 860 nm. In terms of tunability, we have explored a range from 427 to 438 nm and found e = 0.5 for Pi = 1 W in the cw mode independent of A.
Clearly then the thermal effects associated with the difference between our results for cw and swept observation warrant study in more detail. First, as for the source of heating, note that thermal gradients in the KNbO 3 crystal are produced by absorption from both fundamental and harmonic beams. Although the absorption at the fundamental is small (-0.5%), the circulating power is 10-15 W, so that the power deposited in the crystal (-60 mW) is comparable with that from the harmonic beam, whose absorption around 430 nm is -8%. The importance of the combined heating from the fundamental and harmonic beams is demonstrated by the fact that the oven temperature for optimum phase matching in the cw regime is 1-3 0 C lower than for swept operation with Pi = 0.5-1.4 W (recall that the singlepass phase-matching width for a 6-mm length of KNbO 3 is 0.5 0 C).
With regard to the effects of the heating on the system's performance, note that the absorbed light power drives a radially varying temperature distribution T(r) within the crystal, which in turn gives rise to a spatially dependent index of refraction n(r). The thermal lens associated with n(r) changes the beam waist within the crystal, with a corresponding modification of the nonlinear conversion efficiency ENL and with a concomitant reduction in modematching efficiency of the incident beam Pi into the cavity. In order to obtain an estimate of the size and sign of these effects, we can calculate the temperature profile in our crystal by solving the heat diffusion equation with a source term given by the Gaussian profile of the cavity mode. Since the crystal has transverse dimensions 3 mm x 3 mm that are much larger than the fundamental beam waist wo 20 Am, we model the crystal as a circular cylinder of radius a = 1.5 mm and then derive the temperature distribution in a straightforward fashion.' 3 If we restrict our attention to radial coordinates r << a, we find the following parabolic approximation for the temperature difference AT(r) between the temperature at a radial position r and that at the edge of the crystal: Fig. 2 . Second-harmonic output power P 2 at 430 nm versus input fundamental power P, at 860 nm. The solid curve is the theoretical prediction based on the independently measured single-pass conversion efficiency and intracavity losses. The experimental points labeled by the squares are for cw operation with the external buildup cavity actively locked to the infrared input. The circles are obtained in a swept mode of operation to avoid thermal effects, with P 2 the peak power. In each case P 2 is referenced to the power level just outside the crystal face. Propagation losses to detector D 2 are (20 + 5)%. terms with the rate of heat disposition, thermal conductivity, etc.
The temperature gradient of Eq. (3) results in a variation of the index of refraction n(r), which to the lowest order is given by
where n 2 --2 aanb/aT. Our measured value of the temperature derivative for the b axis of KNbO 3 is anbiaT = -5 x 10-5 /K. Thus in the approximation of a parabolic temperature distribution, the crystal is taken to be a medium with a quadratic index profile, and the Gaussian beam parameters of the cavity then follow in a standard fashion.' 6 In Fig. 3 we examine the dependence of the fundamental beam waist coo in the center of the crystal on the spacing d (Fig. 1) for increasing values of AT(O). Note that in order to maintain a given waist in the presence of heating, d must be changed, with Fig. 3 indicating two regions where thermal effects are reduced near the edges of the stability range. A major approximation in our calculation for Fig. 3 is an assumption of a fixed waist in the crystal for the solution of Eq. (3). In fact, AT(r) modifies n(r), which in turn changes coo and hence AT(r). However, our self-consistent numerical solutions to this problem assuming constant AT(O) are quite similar to the curves shown in Fig. 3 for small AT(O) < 2 K.
For instance for AT(O) = 2 K, the self-consistent solution is close to curve 4 in Fig. 3 . In the absence of compensation, the changes in waist size shown in Fig. 3 will have a deleterious effect on the doubling efficiency. For example, if the spacing d is fixed at d = 34.5 mm, we estimate from Fig. 3 that the effects of thermal lensing should begin to become pronounced for AT(o) 1-1.5 K, which corresponds to P, = 0.5 W For a higher value of P, = 1.0 W, we estimate from our self-consistent solution a reduction in ENL of -40% and a degradation in mode-matching efficiency of -10%, which leads to an overall drop in doubling efficiency of -45%. Both these estimates agree reasonably well with experimental results that we have obtained with fixed d -34.5 mm. On the other hand, our best experimental results are obtained by decreasing d to the lefthand region of Fig. 3 near d = 33 .8 mm, where we find empirically from Fig. 2 much smaller reductions in efficiency, which indicates effective compensation up to Pi 1.0 W However, as shown in Fig. 2 , the ability to compensate thermal effects by varying d degrades for P, 2 1.0 W; operation near the left-hand edge of stability in Fig. 3 becomes too precarious for large AT(O).
In summary, we have reported an investigation of frequency doubling with KNbO 3 in an external resonator driven by the light from a single-frequency Ti:A1 2 0 3 laser. An output of 0.65 W of cw blue light at 430 nm has been generated from 1.35 W of infrared input. The effects of thermal lensing have been studied as likely candidates for the observed reduction in cw efficiency evidenced in Fig. 2 . Beyond these initial results, we have recently improved the intracavity passive losses to a level of 0.8% in a new doubling cavity and have obtained 60 mW of cw blue light for 100 mW of IR input.
